We investigate the evolution of magnetic fields in galaxy clusters starting from constant primordial fields using highly resolved (≈ 4 kpc) cosmological MHD simulations. The magnetic fields in our sample exhibit amplification via a small-scale dynamo and compression during structure formation. In particular, we study how the spectral properties of magnetic fields are affected by mergers, and we relate the measured magnetic energy spectra to the dynamical evolution of the intracluster medium. The magnetic energy grows by a factor of ∼ 40-50 in a time-span of ∼ 9 Gyr and equipartition between kinetic and magnetic energy occurs on a range of scales (< 160 kpc at all epochs) depending on the turbulence state of the system. We also find that, in general, the outer scale of the magnetic field and the MHD scale are not simply correlated in time. The effect of major mergers is to shift the peak magnetic spectra to smaller scales, whereas the magnetic amplification only starts after 1 Gyr. In contrast, continuous minor mergers promote the steady growth of the magnetic field. We discuss the implications of these findings in the interpretation of future radio observations of galaxy clusters.
INTRODUCTION
Galaxy clusters assemble through mergers and accretion until they reach an approximate virial equilibrium (e.g. Kravtsov & Borgani 2012; Planelles et al. 2015) . These events affect the space between galaxies which is filled with a dilute plasma, known as the intracluster medium (ICM). In particular, radio observations shed light on the non-thermal component of the ICM revealing the existence of cosmic rays and magnetic fields permeating galaxy clusters (e.g. Feretti et al. 2012; Brunetti & Jones 2014; Donnert et al. 2018) . Observations of synchrotron emission indicate magnetic fields with strengths of a few µG (corresponding to an energy density of ∼ 1 − 2% of the thermal energy of the ICM) and typical coherence scales in the range of ∼ 10 − 50 kpc (e.g. Vogt & Enßlin 2005) . Typically, this coherence scale is derived by a Fourier analysis of rotation measure (RM) maps, and inferring the maximum and minimum scales in the magnetic spectrum (often assuming a Kolmogorov-like power spectrum) necessary to reproduce the observed properties within uncertainties (e.g. Murgia et al. 2004; Bonafede et al. 2010 Bonafede et al. , 2013 . In order to explain their observed morphology and strength, it has been suggested that magnetic fields get tangled over time by some other process than gas compression (e.g. Dolag et al. 1999; Brüggen et al. 2005a ; Xu et al. 2009 ).
While the origin of magnetic fields in galaxy clusters is still E-mail: pdominguez@hs.uni-hamburg.de subject to debate, two scenarios have been widely discussed: (i) the primordial scenario, in which magnetic fields have been generated in the early Universe possibly during (or after) inflation but prior to the formation of galaxies (e.g. Turner & Widrow 1988; Kobayashi 2014; Grasso & Rubinstein 2001; Kandus et al. 2011; Subramanian 2016) and (ii) the astrophysical scenario, in which magnetic fields were produced from stellar winds (e.g. Donnert et al. 2009 ) or active galactic nuclei (AGN) (e.g. Xu et al. 2011) . A lower bound on the strength of the initial seed field of B 3×10 −16 G (comoving) has been inferred for voids from the non-observation of secondary gamma-rays around blazars (e.g Neronov & Vovk 2010) . On the other extreme, upper limits of the order of B 10 −9 G (comoving), derived from the observed level of cosmic microwave background (CMB) anisotropies (e.g. Planck Collaboration et al. 2016 ), can be used to limit the strength of any primordial seed field with coherence scales of ∼ Mpc or larger.
Regardless of the magnetogenesis scenario, magnetic fields must have been significantly amplified in order to have reached today's values. It is generally assumed that the amplification of the initial magnetic fields occurred via the combined effect of adiabatic compression and the presence of a small-scale dynamo, both of which are driven by minor or major mergers (e.g. Roettiger et al. 1999; Brüggen et al. 2005b; Subramanian 2016 Lau et al. 2009; Vazza et al. 2011; Marinacci et al. 2015 Marinacci et al. , 2018b Donnert et al. 2018 ) and more recently, also by observations (e.g. Hitomi Collaboration et al. 2018) . A dynamo process converts kinetic energy into magnetic energy over the typical dynamical timescales of the turbulent cascade. It is believed that the amplification of ICM magnetic fields arises from the turbulence developing on scales which are a fraction of cluster virial radius ( 0.5 − 1 Mpc) (e.g. Donnert et al. 2018 , and references therein). Previous simulations have shown that only a few percent of the incompressible turbulent energy needs to be dissipated to account for the observed field strength (e.g Miniati & Beresnyak 2015 , and references therein).
Whenever the characteristic scale of the magnetic field is comparable or smaller than the characteristic scale of fluid motions, the dynamo is referred to as a small-scale dynamo (also called fluctuation dynamo) (e.g Zeldovich et al. 1983; Kazantzev 1967) . Conversely, a large-scale dynamo refers to magnetic fields that are spatially coherent on scales comparable to the scale of the underlying astrophysical system (e.g Zeldovich et al. 1983; Moffatt 1978) . Since galaxy clusters do not show substantial rotation, it is likely that the turbulent small-scale dynamo winds up magnetic fields on scales smaller than the turbulence injection scale (e.g Subramanian et al. 2006; Brandenburg et al. 2012; Kazantzev 1967; Kraichnan & Nagarajan 1967; Kulsrud & Anderson 1992; Schekochihin & Cowley 2007; Beresnyak & Lazarian 2006; Schekochihin et al. 2008 ).
In previous papers (e.g Beresnyak & Miniati 2016; Miniati & Beresnyak 2015) , driven turbulence in the ICM has been studied in a cosmological context. Still, it remains a challenge to push the spatial resolution down to the so-called MHD scale (lA) at which the magnetic energy is strong enough to prevent additional bending of the magnetic field lines. It is crucial to resolve lA in order to fully capture the development of the small-scale dynamo amplification, but lA can in principle be extremely small ( kpc) for arbitrarily small seed magnetic fields. The Reynolds number achieved in simulations is also an important factor that directly affects the magnetic field growth. While the Reynolds number based on the full Spitzer viscosity in the ICM is believed to be of the order of Re ∼ 10 2 (e.g Cho 2014a) , the reduced proton mean free path in the collisionless ICM can result in much larger Reynolds numbers (Beresnyak & Miniati 2016; Brunetti & Lazarian 2011b) . This suggests that the fluid approximation provides a suited model for the properties of the ICM (e.g Santos-Lima et al. 2017 .
More recently, it has been shown that initial magnetic field seeds can be amplified via a dynamo up to strengths of ∼ µG in cosmological grid simulations (e.g Vazza et al. 2018a ) (hereafter Paper I). Here, we present a new sample of galaxy clusters to study the spectral properties of each galaxy cluster in our sample. Firstly, we study the characteristic spectral features of the magnetic energy in different types of clusters at z = 0. Secondly, we follow the spectral evolution of a particular cluster that is merging.
The paper is structured as follows: in Section 2 we present the numerical setup and describe the fitting process of the magnetic energy spectra. In Section 3 we present our results in two parts, the first one dedicated to the properties of our galaxy cluster sample at z = 0, and the second one describing the evolution of a merging cluster. In Section 4 we discuss numerical aspects and in Section 5, we discuss the implications of our results.
METHODS

The Simulated Dataset
We simulated the formation of massive galaxy clusters in a cosmological framework with the ENZO grid code (The Enzo Collaboration et al. 2013) . We used the Dedner formulation of MHD equations (Wang & Abel 2009 ) and used adaptive mesh refinement (AMR) to increase the dynamical resolution within our clusters, as in Paper I. We assumed a ΛCDM cosmology (h = 0.72, ΩM = 0.258, Ω b = 0.0441 and ΩΛ = 0.742) as in Vazza et al. (2010) .
Each cluster was selected in a comoving volume of (260 Mpc) 3 , first simulated at coarse resolution (Vazza et al. 2010) , and then resimulated with nested initial conditions (Wise & Abel 2007) . We employed two levels of static uniform grids with 256 3 cells each and using 256 3 particles each to sample the dark matter distribution, with a mass resolution per particle of mDM = 1.3·10 10 M at the highest level.
Then, we further refined the innermost ∼ (25 Mpc) 3 volume, where each cluster forms, with additional 7 AMR levels (refinement = 2 7 ). The refinement was initiated wherever the gas density was 1% higher than its surroundings. This gives us a maximum spatial resolution of ∆xmax = 3.95 kpc per cell.
With our setup (see Paper I), for z 1 the virial volume of clusters is refined at least up to the 6th AMR level (15.8 kpc) at z = 0, and most of the central volume within 1 Mpc from the cluster centre is simulated with 3.95 kpc/cell.
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In this work, we will only discuss non-radiative cosmological simulations, meaning that we only included the effect of cosmic expansion, gas, Dark Matter self-gravity and (magneto)hydrodynamics, in order to solely focus on the growth of magnetic fields by the turbulence induced by structure formation.
In order to seed magnetic fields at the beginning of our runs, we mimic a simple primordial origin of magnetic fields, in which we initialized the field to a uniform value B0 across the entire computational domain, along each coordinate axis. The initial magnetic seed field of 0.1 nG (comoving) is chosen to be below the upper limits from the analysis of the CMB (e.g. Subramanian 2015) . This particular setup is easy to implement, ensures ∇ · B = 0 by construction, and has been already tested in our previous work on the subject (Vazza et al. 2014 (Vazza et al. , 2018a . Moreover, several studies have shown that the impact on the initial magnetic field topology within galaxy clusters (provided that the simulated dynamical range is large enough to enter the dynamo regime) is negligible (e.g. Marinacci et al. 2015; Vazza et al. 2018a ), hence our results do not strongly depend on this particular setup. We refer the reader to Appendix A for a short overview of the key findings of Paper I. There, we showed that our numerical setup provides enough resolution to resolve the MHD scale, lA, in a large fraction of the cluster volume during its late evolution (z 1). Moreover, the simulations show features of small-scale dynamo amplification. However, as we discuss in depth in Sec. 4, some results can be affected by the limited spatial resolution.
Fitting the magnetic power spectrum
The three-dimensional power spectrum is defined as
where Rij = ui(x0)uj(x0 + x) is the two-point correlation function between the velocities ui and uj (e.g. Batchelor 1951) . When the corresponding fields do not depend on the position and only depend on the distance between two points, i.e. we consider homogeneous and isotropic fields, the total energy is given by
where E(k) is thus the scalar energy distribution per unit mass for the mode k related to the diagonal components of the tensor Rij, and therefore, the relation between this spectral energy and the onedimensional power spectrum is found to be
This approximation works well for the rather chaotic and isotropic velocity field always found in cosmological cluster simulations (e.g. Dolag et al. 2005; Vazza et al. 2011; Wittor et al. 2017) . We computed first the power spectrum by using standard algorithms for the three-dimensional Fast Fourier Transform (FFT) of the velocity and magnetic fields within the simulation box and then by summing up the contributions over spheres within a radius k = k 2 x + k 2 y + k 2 z in Fourier space. Finally, by multiplying by the factor 2πk 2 , we obtained the energy spectrum of the magnetic and velocity field.
While the velocity power spectra can be characterized by a power-law and by an injection scale, the magnetic spectra are more complex. We fit the magnetic spectra by the equation:
where the A parameter gives the normalization of the magnetic spectrum, B is related to the width of the spectra and C is a characteristic wavenumber corresponding to the inverse outer scale of the magnetic field (see Fig. 1 ). Eq. (4) is rooted in dynamo theory as a solution for single-scale turbulent flows (Kazantzev (1967) , Kraichnan & Nagarajan (1967) , Kulsrud & Anderson (1992) ). In the remainder of the paper we propose to use Eq. (4) as a proxy to characterize our evolving magnetic spectra with a minimal set of parameters (A, B, C as detailed above), even though the equation is not valid for the scales and conditions that we are studying. It should be stressed that the aim of the paper is not to connect directly these parameters with Kazantzev's dynamo model since the generation and evolution of turbulent magnetic fields in the ICM are affected by a hierarchy of complex processes. In particular, we note that:
1) The assumptions under which Eq. (4) is derived, such as having a single-scale turbulent flow, a Kolmogorov spectrum for the velocity field, neglecting the resistive scale, etc. (see more details on the assumptions and derivation in Kulsrud & Anderson 1992) are not valid since, in our system, laminar gas motions and advection at many scales may also affect the topology of the magnetic fields in the ICM. Furthermore, the magnetic field is amplified and re-shaped by the turbulence generated every time a merger occurs.
2) The analysis of non-linear effects such as ambipolar diffusion or magnetic reconnection are far beyond the scope of this work. But we can comment that some of these affects have been also studied in Kulsrud & Anderson (1992) , where the final magnetic power spectrum exhibits a similar shape, i.e. a power law multiplied by a Macdonald function (or modified Bessel function of second order) of different orders. For small k, they can reduce to Eq. (4).
3) As long as the velocity scale responsible for the dynamo forcing is larger than the scales where the magnetic energy spectrum peaks, Eq. (4) is valid. This condition is matched during the initial stage of cluster formation, and is later violated after the magnetic field has grown to larger scales. It is our intention to quantify the development of magnetic fields as a function of resolution (as in Paper I) as well as of the cluster evolution. For this reason, it is convenient to apply Eq. (4), as the dynamo in our runs is expected to stay in the kinematic regime for long due to the finite numerical resolution (e.g. Beresnyak & Miniati 2016) .
RESULTS
Magnetic fields in the cluster sample
In this section we analyze a sample of seven clusters in different dynamical states: clusters with ongoing mergers (ME) at z = 0, relaxed ones (RE) and post major merger ones (PM). In Fig. 2 we show the projected gas density and magnetic field strength for all of our clusters, considering the highest resolution of our simulation (3.95 kpc).
A list of the main parameters of our simulated clusters is given in Tab. 1. The estimate of the total (gas+DM) mass inside R100, as well as the tentative classification of the dynamical state at z = 0 of each object follows from Vazza et al. (2010) . Our dynamical classification is done in two steps: firstly, clusters with a major merger (based on the total mass accretion history within R100) for z < 1 Figure 2 . Maps of projected gas density and magnetic field strength for all clusters in our sample at z = 0 (we omit cluster E5A since this cluster is analyzed in detail in Section 3.3 and 3.4). The main characteristics of these clusters can be found in Tab. 1.
are classified as post-mergers (PM). In particular, major mergers in the range 0 z 1 are selected considering that the change of the mass increment ξ = M2/M1 is ξ > 0.3, where M1 is the mass at a time t and M2 is the mass at time t + 1 Gyr (Fakhouri et al. 2010) . Secondly, if no major merger is found in this time interval, we additionally compute the ratio between the total kinetic energy of gas motions inside R100, EK , and the total energy (Etot = EK + ET ) inside the same volume. This parameter has been shown to characterise the dynamical activity of clusters well (e.g. Tormen et al. 1997) . Relaxed (RE) clusters typically have EK /Etot < 0.5 while merging (ME) clusters have EK /Etot 0.5. In Tab. 1 we also list the redshift of the last major merger (z last ) for post-merger systems, while for relaxed systems we conventionally consider z last = 0 and z last = 1 for merging systems. For a more detailed discussion of the classification scheme we refer the reader to Vazza et al. (2010) and references therein.
For each cluster, we computed the radial profile of the average magnetic field from the peak of gas density at z = 0 at the highest resolution, as shown in Fig. 3 . Within the sample variance, we find that the magnetic field follows gas density as 2.80 PM (z last = 0.5) 1.716 3.396 ± 0.049 1.113 ± 0.007 9.974 ± 0.106 Table 1 . Main parameters at z = 0 of the galaxy clusters analyzed in this work. The 4th column lists the tentative dynamical classification of each object (with the approximate redshift of the last major merger, in the case of post-merger clusters). The value of B 0 is the mean magnetic field within 200 kpc from the corresponding radial profiles plotted in Fig. 3 Figure 3. Radial profile of the magnetic field for all the clusters in our sample at z = 0 computed at our highest resolution run at the 8th AMR level.
B(n) ≈ B0 · (n/n0) 0.5 (where n is the gas density and n0 is the core gas density) as in Paper I. In fact, the radial profiles in Paper I appear to be consistent with what can be derived by Faraday Rotation analysis of the Coma cluster (Bonafede et al. 2013) , despite the fact that the distribution of magnetic field components found in our simulations deviate significantly from a Gaussian distribution. The central magnetic field value of each cluster, B0, is given for reference in Tab. 1. In general, we can see that the most perturbed cluster (E5A) does not show the strongest fields. The central value, B0 (measured as the average within the innermost 200 kpc radius from the cluster centre), is strongly correlated with the mass of the cluster. Indeed, in Fig. 3 we can see that the higher the mass, the higher the central value of the magnetic field. While observations do not show a clear correlation of the mean magnetic field with the mass of the host cluster (e.g. Govoni et al. 2017 ), our normalization A, which is the parameter most closely linked to the Faraday Rotation, shows little correlation with mass, and has a large scatter.
Spectral properties in the cluster sample
Next, we proceeded to compute the magnetic energy power spectra for the innermost region of all clusters at z = 0 as described in Sec. 2.2 . We computed power spectra only for the innermost ≈ 2
3 Mpc 3 region of each cluster, where the resolution is approximately constant and equal to the 8th and maximum AMR level (corresponding to a 512 3 grid). By doing so, we can neglect the effect of coarse-mesh effects in our FFT analysis as the majority of the central cluster volume is refined up to the highest level for all our clusters (see discussion in Vazza et al. 2018a ). The corresponding spectra, along with the best-fit curves are plotted in the top panel of Fig. 4 and the best-fit parameters are listed in Tab. 1. To a good degree of approximation, all spectra are well fitted by Eq. (4) regardless of the dynamical state of each cluster. All clusters in the sample show similar spectral shapes, with a peak of magnetic energy in the range ∼ 200 − 300 kpc and differences in normalization of a factor 5. As shown in Vazza et al. (2018b) , this non-Gaussian distribution of magnetic field strengths may result from the superposition of multiple magnetic field components that have been accreted at different times via mergers. For completeness, we also show the kinetic spectra of all the clusters in the central panel of Fig. 4 . These kinetic spectra are very similar, i.e. we observe a higher normalization for perturbed clusters as there is more turbulence involved in these systems, and the lowest normalization is observed for the relaxed cluster (E14). Comparing this to the magnetic spectra shown in the top panel of Fig. 4 , we can clearly see that a higher level of turbulence does not necessarily imply higher values of the magnetic field. This may seem counterintuitive but it is caused by the fact that the amplification of magnetic fields from small to large spatial scales is a slow process that takes a few eddy turnover times. Therefore, even in the presence of a large input of turbulent kinetic energy, significant magnetic amplification can only be observed with a delay of ∼ Gyr. While part of this delay is caused by numerical effects (e.g. our numerical finite growth rate depends on the limited Reynolds number our simulation can resolve), this delay is of the same order as the eddy turnover timescale for ∼ 500 kpc turbulent eddies being injected with a σv ∼ 500 km/s velocity. This is the necessary time span for turbulence to cascade down to the scales that can drive a dynamo growth.
In the bottom panel of Fig. 4 we plot the ratio between kinetic and magnetic energy in order to visualize the scales at which equipartition is reached. RE systems reach equipartition at larger scales compared to PM systems, which is consistent with the general picture of a small-scale dynamo acting according to the amount of turbulence in the system. As expected, we also observe that the ME system is still not in equipartition at larger scales because this is the most perturbed cluster and it is mostly dominated by compressive turbulence.
Parameterization of cluster magnetic spectra
Our analysis in Paper I supports that the magnetic spectra show signs of a dynamo near saturation (see Appendix A). However, as we shall see in Sec. 3.3, if a small-scale dynamo is acting, it coexists with bulk motions on larger scales that are affecting the evolution of the magnetic field during the whole assembly history of spectra of all of our cluster sample at z = 0. The kinetic spectra were multiplied by √ n, where n is the gas density, in order for the spectra in both panels to have the same units. The solid lines correspond to the data and the scatter plots show the best-fit of the corresponding data using Eq. (4). In the bottom panel we show the ratio of kinetic to magnetic energy, E K /E M (k), the horizontal black dashed line indicates where we have equipartition. the clusters. As a consequence, the magnetic properties in our sample result from the cumulative (and discontinuous) action of dynamo during the entire cluster life-time. Therefore, there is no immediate connection between the spectral magnetic properties and the turbulent properties of the cluster at a given time.
In order to study how the best-fit parameters, A, B and C, are related to the mass, dynamical state and redshift since the last major merger, we produced Figs. 5, 6 and 7. For our limited sample, we can conclude:
1) The spectrum normalization (A): We find a dependence of the mass of the host cluster, and also a hint of a dependence on the dynamical state of the cluster. For a given mass bin we find AME < APM < ARE. On the other hand, we do not find a correlation with the time since the last major merger.
2) The spectrum width (B): This parameter is found to depend on the dynamical state of each cluster, i.e. B is larger in less perturbed systems (PM) and smaller in highly perturbed systems (ME). This presumably means that relaxed systems have had enough time for turbulence to cascade to the small scales and amplify the magnetic field during past mergers resulting in a broader spectrum; whereas the merging systems have a more restricted region of magnetic amplification. As will be mentioned in 3.4, mergers shift the spectrum towards smaller scales, thus the combination of this shift and the narrow spectrum means that merging systems contain more smallscale eddies. Therefore perturbed systems have a higher magnetic growth rate than relaxed systems.
3) The inverse of the outer scale of magnetic field (C): we find a hint of a dependence on the mass and the dynamical state of the cluster, CRE < CME < CPM. On the assumption of the existence of a small-scale dynamo, this would suggest that in more relaxed systems the dynamo had more time to grow towards larger scales (i.e. lower values of C). In the case of an on-going merger (as will be discussed in more detail in Sec. 3.3), large scale gas motions may also affect the magnetic spectra merely by compression. In principle, it will be possible that advection and buoyancy in a stratified medium such as the ICM also play a role in the outer scale behaviour, but the study of these effects are beyond the scope of this paper. 4) Dependence on the time since the last major merger: We did not find a correlation between the epoch of the last major merger (z last ) and the best-fit parameters (A,B and C), which suggests that the magnetic energy spectrum at a given epoch does not retain much information about specific events, as well as that minor mergers are also an important player in setting the spectral properties of the ICM at z = 0 (see discussion in 3.4). Moreover, given the limited sample size we have here, it is difficult to disentangle effects connected to the mass of the host cluster and the dynamical state.
5) Rotation measure dependence on mass: The rotation measure (RM) of polarised radio emission from background sources scales as |RM | ∝ B || · ne dl, which can be approximated to |RM | ∝ BΛ ·ΛB, where BΛ is the magnetic field at the autocorrelation scale ΛB. To a first approximation, the total |RM | from a clusters should scale with the ∝ A/C. We find that the RM depends weakly on the mass(because of A and C dependence on mass), but scatters due to a dependence on the dynamical state of each cluster. This causes clusters with a factor ∼ 2 difference in mass to show a very similar A/C value (i.e. E14 and E16B, see Fig.7 ).
In order to link the evolution of magnetic spectra to the dynamical growth of galaxy clusters, in the next section we will analyze the assembly of one particular cluster.
Detailed evolution of cluster E5A
We studied the evolution of the cluster E5A by analysing a total of ≈ 100 snapshots in the range from z = 1.379 to z = 0. The cluster E5A is an interesting object as it forms via several mergers in the course of nearly 9 Gyr.
We work on uniformly gridded data reconstructed at the 6th AMR level (15.8 kpc resolution). This is done even if the simulation has refined down to the 8th AMR level. In Fig. 8 we show snapshots of the density and magnetic fields in a simulation box of 640 3 cells. The maps in Figs. 8-9 show a volume-weighted projection of the magnetic field strength along the line-of-sight in order to emphasize the diffuse magnetic field structure on large scales. Hence, the magnetic field values in the map are biased towards lower values than the ones measured in the computational box.
Next, we identified the centre of the main cluster (cyan dot in Fig. 8 ) and then followed the evolution of gas and magnetic fields within a box of 100 3 cells co-moving with the main cluster centre. The trajectory of the centre was obtained by computing the location of the maximum of the thermal energy after smoothing the data over a length of ∼ 20 cells at each snapshot, and by applying a cubic spline time interpolation.
The final stage of the merger at z = 0 is shown in Fig. 9 , where the volume distribution of the gas density and the magnetic field strength are plotted in x,y and z directions. The magnetic field distribution is asymmetric, showing a tangled structure and its strength increases towards the centre of the major component. At least two prominent peaks in the magnetic field distribution (at the ∼ µG level) near the central region are visible in all lines of sight. These peaks correspond to the largest and the second largest components.
In Fig. 10 we show the evolution of the magnetic field strength, temperature and velocity within the moving simulation box. Every merger event is found to perturb the system and to increase the thermalization of the ICM, shown as peaks on the temperature evolution in Fig.10 . While gas velocity and gas temperature show pronounced peaks close each merger event, the evolution of the averaged magnetic field strength is smoother. These smoothed peaks are correlated with the merger events, but show a delay of about ∼ 0.5 Gyr with respect to the velocity peaks. In Fig. 11 we show the evolution of the total energy budget of the cluster (top panel) and the corresponding evolution of the energy ratios (bottom panel). During the whole period of evolution (∼ 9 Gyr), the magnetic energy has grown by a factor ∼ 40-50, the kinetic energy by a factor of ∼ 90-100, and the thermal energy has grown by a factor ∼ 10-20. By the end of the simulation (z = 0), the kinetic energy is ∼ 10-40% of the thermal energy, while the magnetic energy is ∼ 10 −3 of the thermal energy.
Spectral evolution of cluster E5A
In this section we focus on the spectral features of the magnetic and kinetic energy power spectra, whose entire evolution is given in Fig.  12 . The spectra are shown using comoving units and are computed within a box of comoving size L = 1.58 Mpc, which moves with with the cluster centre identified as described in Section 3.3. The first thing to notice is that the shape of both spectra change very little over the period from z = 1.379 to z = 0, while the normalization increases whenever a minor merger occurs. In the bottom panel of Fig. 12 , we can observe that the evolution of the magnetic energy spectra shows a global increment on the magnetic field strength up to an approximate state of equipartition for k ∼ 20−50 (corresponding to scales ∼ 30 − 80 kpc). This means that during a Figure 10 . Evolution of the average magnetic field strength, temperature and velocity of the 100 3 simulation box significant fraction of the system evolution the magnetic tension is strong enough to prevent the further bending of the magnetic lines, as would be expected from a classic small-scale dynamo. However, the range of scales in which equipartition is reached does not evolve monotonically with time (as expected in a classic dynamo), but it fluctuates in time, with features that are non-trivial to isolate. In particular, the epochs where there is no equipartition coincide with the occurrence of mergers, i.e. when the cluster is more perturbed. The various kinetic injections driving turbulence in this system will continuously change the magnetic field topology on spatial scales larger than the equipartition scale.
In order to examine the evolution of E5A, in Fig. 13 we colour coded the amplitude of the magnetic and kinetic spectra as a function of time. This spectral time sequence shows the entire evolution of the ICM as a function of time and spatial scale. As the system evolves, the magnetic power increases and tends to shift towards smaller scales, while the kinetic spectrum is always characterized by a maximum at k = 1, which mirrors the fact that the forcing of turbulence always occurs on scales 1 Mpc. Merger events can be seen as horizontal stripes in the plot, which correspond to the injection of kinetic energy.
The resulting amplification of the magnetic field strength is then a complex interplay between compression and the small-scale dynamo. This is best shown by the appearance of dense gas structures at a similar time, as shown in the power spectra of gas density in Fig. 14 , which is consistent with the relation between velocity and density fluctuations in the stratified ICM (e.g. Gaspari et al. 2014) . A general trend is that every merger shifts the magnetic spectral power towards higher wave numbers, i.e. during most of these events the peak of the magnetic energy spectrum moves towards smaller spatial scales, unlike what is expected from the standard dynamo model, and most likely due to gas compression. As cluster mergers generate shocks and bulk flows that enhance the gas density and compress the magnetic field lines, this can also increase the normalization of the spectrum. Furthermore, it can also move the peak of the spectrum to higher wave numbers because the magnetic field lines get stretched along the merger direction.
Simultaneously, mergers inject turbulence, and only after the latter has decayed to small scales (where the eddy turnover time is the shortest), the peak magnetic spectra shifts towards lower wave Figure 11 . Energy evolution of the 100 3 simulation box. The top panel shows the evolution of the thermal energy (red), kinetic energy (green) and magnetic energy (purple). The bottom panel shows the corresponding energy ratios.
numbers and the magnetic field is boosted again. This effect is characteristic of a small-scale dynamo.
Our analysis implies that both, compressive and dynamo amplification, tend to be present at the same time in galaxy clusters. This causes a difficult evolutionary pattern in the simulated ICM, adding complexity to what has been previously obtained by more idealized MHD simulations (e.g. Beresnyak & Miniati 2016; Miniati & Beresnyak 2015) .
For better visualization, Fig. 15 shows the residual between magnetic and kinetic spectral energies also as a spectral time sequence plot. At all epochs, the excess magnetic energy is found on wave numbers k > 10 (corresponding to scales < 160 kpc), showing that after merger events the magnetic tension gets strong enough to overcome further bending of the magnetic lines only at small scales. The magnetic amplification starts only after merger events because the turbulence injected takes a few eddy-turnover times to cascade.
In fact, if the kinetic energy injection is high enough, as we can observe around t ∼ 9.8 Gyr in Fig. 15 , the amplification is slowed down.
In order to identify the specific times of kinetic energy injection, we plotted in Fig. 16 the difference of the total kinetic energy in the simulation box at timestep ti with respect to the previous timestep, ti−1. A peak in this plot can account mainly for either Figure 12 . Top panel: Evolution of the spectral kinetic and magnetic energy in the simulation box of 100 3 cells. The top spectra correspond to the kinetic energy and the bottom spectra correspond to the magnetic energy. The velocity power spectrum was multiplied by √ n, n being the gas density, in order for the spectra to have the same units. Bottom panel: Ratio of kinetic to magnetic energy as function of the wave number. The horizontal dashed line indicates where we have equipartition.
the entrance of a clump into the simulation box, a shock traveling across the cluster or a reflected shock. Since we are interested in studying the amplification periods identified in Fig. 15 , we restrict ourselves to point out only some of these events confirmed by visual inspection with red arrows in Fig. 16 . The shaded areas in the plot are placed as a reference for the amplification phases found in the spectral time sequence of Fig. 15 . We noticed that, the maximum kinetic injection appears to happen either when gas substructures cross close to the cluster centre, which typically leads to shock waves (M ∼ 2-3 in this case, as we measured with a velocity-based shock finder following ) sweeping through the cluster; or when there is a continuous injection of turbulence by minor mergers (period between t ∼ 12-13 Gyr). In the first case, the most significant boosts of kinetic energy are followed by the compression of the magnetic field spectra. The injection of large amounts of kinetic energy on large scales impact the magnetic field only after 1 Gyr (white areas after first and second red arrows in Fig. 15 ), suggesting that a small-scale dynamo is activated only after such amount of time. In the second case, continuous mi- nor mergers contribute to the magnetic amplification at small scales by starting to shift the power towards higher scales (period between t ∼ 12-13 Gyr). This seems to suggest that minor mergers significantly power the small-scale dynamo amplification.
Finally, we studied the evolution of the MHD scale (lA) using the result from :
where L0 is the reference scale within the Kolmogorov inertial range and σv is the rms velocity within the scale L0. In this case, we measure the turbulent velocity by filtering the large motions on ≈ 300 kpc. We obtain a distribution of the MHD scale for all of our snapshots and select the mean at each time. In Fig. 17 we Figure 15 . Energy residual evolution corresponding to the energies in Fig.13 . The highest values appear at small scales showing how the amplified magnetic field is able to overcome the kinetic pressure. show the resulting evolution of the corresponding scale (lA) and compare it to the evolution of the outer scale of the magnetic spectrum (1/C). It has been suggested in former studies (e.g. Beresnyak & Miniati 2016; Miniati & Beresnyak 2015 ) that lA will follow closely the evolution of the outer scale of the magnetic spectrum. Our analysis suggests that in reality the evolution of magnetic fields during mergers is more complicated than that. The system is significantly affected by compression and large-scale coherent motions, whose energy is larger than the small-scale turbulent energy on 300 kpc scales. In fact, the injected energy may contribute to advect magnetic field lines on large scales (> 100 kpc). Overall, this means that our galaxy clusters exhibit cumulative turbulence cascades with different injection timescales, able to amplify the existing magnetic fields via a dynamo action. Under these conditions, the evolution of the outer scale is mismatched with respect to that of the MHD scale. This has important implications for the future surveys of magnetic fields in galaxy clusters. The interpretation of magnetic field spectra inferred by Faraday Rotation will not uniquely constrain the magnetic amplification coming from a small-scale dynamo, but may also be contaminated by compression amplification coming from large-scale gas flows. 
Evolution of best-fit parameters for cluster E5A
Following the same approach of Section 2.2, we proceeded with the fitting of all magnetic spectra in the evolution of E5A, which yields the evolutionary tracks shown in Fig. 18 . The top panel shows the normalization of the magnetic energy spectrum, where we can see a clear result: the overall amplification of the magnetic field continues to grow but steepens more where mergers occur. In fact, we observe that the normalization almost increases by one factor on the last ∼ 0.5 Gyr where a major merger is about to happen. As a consequence of these events and the other effects previously mentioned, the magnetic growth is not linear. While the total magnetic energy increases by a factor of ∼ 40-50 (as mentioned in Section 3.3), the normalization of the spectrum only increased by a factor of ∼ 5 in nearly 9 Gyr.
In the middle and bottom panels of Fig. 18 we show the evolution of the parameters B and C. It is notable that both evolution patterns seem to be correlated. The evolution of C (wave number corresponding to the outer scale of the magnetic spectrum) also shows a correlation with some identified merger events: the red arrows over-plotted corresponding to those in Fig. 16 . Mergers induce an immediate change of the outer scale of the spectrum by shifting the power towards smaller scales. While this pattern is less obvious in the evolution of the parameter B, we can observe that mergers also induce an immediate broadening of the spectrum. These combined effects can be directly associated with the action of compression. A particular thing to notice is that, the change on B and C at the last (third arrow) merger event is not as large as the previous events. This suggests that at this point, the cluster has had enough turbulence input (at different injection scales and timescales) to amplify the magnetic field at smaller scales, making it harder for the spectrum to broaden or shift its power to even smaller scales.
NUMERICAL ASPECTS
As in Paper I, we relied on the Dedner cleaning algorithm (Dedner et al. 2002) to get rid of magnetic monopoles. The main limitation of this method is the reduction of the effective dynamical range, compared to Constrained Transport (CT) schemes at the same resolution, due to the intrinsic dissipation of the scheme by ∇ · B cleaning waves which keep the numerical divergence under control (Kritsuk et al. 2011 ). Several groups have tested that the Dedner cleaning method is robust and accurate for most idealized test problems, as long as the resolution is opportunely increased (e.g. Wang & Abel 2009; Wang et al. 2010; Bryan et al. 2014) . Even in the test of more realistic astrophysical applications, the Dedner method has been shown to quickly converge to the right solution, unlike different approaches to clean ∇ · B preserving at run time (Stasyszyn et al. 2013; Hopkins & Raives 2016; Tricco et al. 2016; Barnes et al. 2018) .
Despite the numerical dissipation introduced by the Dedner cleaning, all important features discussed in this paper (e.g. the peak in the power spectrum of magnetic fields, and the equipartition scales) are much larger than the length scales affected by numerical dissipation: e.g. the peak of power spectra are typically on scales ∼ 25 − 50 larger than the minimum cell size in our the simulation. While the dissipation in the Dedner scheme can considerably slow down the first stage of the dynamo amplification (Beresnyak & Miniati 2016) , once that magnetic structure becomes sufficiently large, they are relatively unaffected by numerical dissipation.
In Paper I we verified that in the largest part of the simulation box, the numerical divergence of B is of order ∼ 2-3% of the local magnetic field strength, i.e. 10 −4 of the magnetic energy on larger scales. We refer the reader to the recent review by Donnert et al. (2018) for a broader discussion of the resolution and accuracy of different MHD schemes in the context of small-scale dynamo processes in galaxy clusters.
Our simulations neglect physical processes other than gravity and (magneto)hydrodynamics, such as radiative gas cooling, chemical evolution, star formation and feedback from active galactic nuclei. In this way, we can more easily isolate the effects of compression and dynamo from additional amplification caused by feedback and gas overcooling.
2 Comparisons between the predictions of primordial and astrophysical seeding scenarios of magnetic fields with ENZO can be found in . For recent high-resolution simulation of extragalactic magnetic fields with a moving-mesh algorithm we refer the reader to Marinacci et al. (2018c) and to the recent review by Donnert et al. (2018) . While the initial topology of possible seed magnetic fields is unknown, we tested in Paper I that variations of the assumed initial topology of seed fields do not to affect the strength of simulated magnetic fields in the ICM at low redshift. Variations of the assumed initial strength of magnetic seed fields are harder to test, as for very small seed fields resolving the Alfvenic scale lA becomes prohibitive and the amplification is stuck in the exponential regime for the entire cluster evolution (Beresnyak & Miniati 2016) . In Paper I, we provided evidence that our simulated magnetic fields are fairly independent on the initial field strength only for 0.03 nG (comoving) fields. Future re-simulations at even higher resolution, or with less diffusive MHD schemes will be needed to test the scenario for lower seed fields.
Finally, as customary in simulations without explicit viscosity and resistivity, the numerical viscosity and resistivity are of the same order, meaning that the magnetic Prandtl number is PM = RM/Re = ν/η ≈ 1.This assumption is reasonable enough given the existing uncertainties and the difficulties in the characterization of the magnetised plasma in galaxy clusters (e.g. Schekochihin et al. 2004; Brunetti & Lazarian 2011a; Beresnyak & Miniati 2016) , and it further allows us to easily compare with the standard literature of small-scale dynamo in a box (e.g. Cho 2014b; Porter et al. 2015) . A few groups have explored the role of nonideal MHD effects in cosmological simulations, such as the presence of a physical resistivity (e.g. Bonafede et al. 2011; Marinacci et al. 2018a) , whose usefulness to explain observed ICM magnetic fields has been recently questioned by new simulations (Barnes et al. 2018) .
SUMMARY AND CONCLUSIONS
In this paper, we have presented new high-resolution cosmological MHD simulations of a sample of galaxy clusters, which allow us to study the spectral properties of magnetic amplification with unprecedented spatial and temporal detail.
In agreement with our earlier work, we find that we can reproduce cluster magnetic fields of the order of ∼ 1 − 3 µG with primordial fields of 10 −10 G (comoving) at z = 30. We computed the magnetic energy spectra at z = 0 for all the clusters in the sample. The spectral shape remains similar across clusters, despite of their different dynamical states. We parameterize the magnetic spectra of all the clusters in our sample at z = 0 and as a function of time for the merging cluster E5A by means of Eq. (4). The resulting best-fit parameters are used to characterize the magnetic properties of the ICM. In general, we could not find a simple one-to-one relation between the kinetic and magnetic spectra and the dynamical state of the clusters: this indicates that highly perturbed systems, exhibiting more turbulence, do not necessarily imply higher values of the magnetic fields, and that the cycle of amplification of magnetic fields in the realistic ICM is complex.
The normalization of the magnetic spectrum (A), the spectrum width (B) and the inverse of the outer scale of the spectrum (C) show a positive correlation with the virial mass of each cluster. In addition, B is correlated with the dynamical state of clusters. In general, we observe that the magnetic growth rate is larger for merging systems, while it is smaller in the relaxed system in our sample.
Finally, the outer scale of the magnetic spectrum (∝ 1/C) also correlates with the dynamical state of the cluster: the relaxed system in our sample reaches higher values of the outer scale (∼ 300 kpc) compared to merging (∼ 230 kpc) and post-merging (∼ 200 kpc) systems, possibly indicating that the dynamo has acted for a longer time in such systems. We caution that the ubiquitous presence of large-scale bulk motions in the ICM may introduce larger correlation scales in the magnetic field, so that our best-fit parameters do not show an evident correlation with the last major merger of each cluster. This suggests that the history of minor mergers matters, but larger statistics of simulated clusters would be necessary to reach firmer conclusions.
Moreover, we studied the co-evolution of magnetic fields and the ICM properties in a merging cluster (E5A), which we could sample with a high time resolution. Our analysis reveals that the peak of the magnetic power spectrum shifts towards smaller spatial scales shortly after mergers, while overall it shifts to larger scales. In the cluster E5A, the peak of the magnetic power spectrum extends to ∼ 280 kpc after ∼ 9 Gyr of evolution, with equipartition at scales < 160 kpc. Large amounts of kinetic energy are injected by substructures that fall through the cluster which first amplify the magnetic field mainly via compression. These mergers prevent equipartition on the smallest scales, i.e. when the cluster is more perturbed, equipartition is not reached at scales above our current resolution.
In the course of a merger, the spectrum broadens and the outer scale is shifted towards smaller scales. While we observe that the total magnetic energy is continuously growing, the magnetic amplification at smaller scales starts only after the mergers. This behaviour is driven by two mechanisms: 1) strong mergers introduce additional turbulence into the system that raises the kinetic energy above equipartition with the magnetic field. Nevertheless, this new energy will only become available for magnetic amplification after a few eddy-turnover times when the turbulence has already cascaded down to the smaller scales; Consequently, this changes the growth timescales by slowing down the process of amplification soon after a merger event. In particular, when there is a large input of kinetic energy, the magnetic amplification at small scales sets in only after ∼ 1 Gyr since the merger.
Finally, our work has important implications for the interpretation of existing or future radio observations of magnetic fields in galaxy clusters. The total rotation measure |RM | from clusters is expected to scale ∝ A/C. Therefore, our previous results imply that the RM only weakly depends on the mass of the galaxy cluster. We measure a scatter of up to a ∼ 4 difference in RM between clusters of the same mass, while systems with a ∼ 2 difference in mass can have the same RM, due to differences in their magnetic field correlation scale. This implies that the RM across the cluster population probably is not universal, but can significantly be affected by the complex sequence of amplification events in the past lifetime of each cluster, with important consequences in the predictions of the RM from galaxy clusters which should be observable by future radio polarisation surveys (e.g. Govoni et al. 2015; Taylor et al. 2015) . We defer this analysis to future work. Figure A1 . Power spectra of velocity (top lines) and magnetic field (lower curved lines) for resimulation of increasing resolution, presented in Paper I. The spectra are measured within the innermost 2 3 Mpc 3 of a simulated cluster at z = 0, and clearly shows that the increase of resolution leads to an increase of the dynamical range (also marked by the sequence of Nyquist frequencies at the bottom of the panel) and results into a radial change in the magnetic spectrum for 16 kpc resolutions. z = 0, for 0.03 nG (comoving), above which our setup ensures to resolve lA in a large fraction of the cluster volume.
Moreover, the topology of the magnetic fields at z = 0 produces profiles of Faraday Rotation of background polarised sources in good agreement with the real observations of the Coma cluster, which are the most stringent to date (Bonafede et al. 2010 (Bonafede et al. , 2013 . A significant new finding of our first analysis in Paper I is also the detection of a significant non-Gaussian distribution of magnetic field components in the final cluster, which results from the superposition of different amplification patches mixing in the ICM.
All results obtained from this first study are also confirmed with the larger set of cluster simulations which is object of this paper.
APPENDIX B: CORRELATING THE BEST-FIT PARAMETERS
We computed the cross-correlation matrix of the change in time of the best-fit parameters A, B, C and the kinetic energy E k and show the result in Fig.B1 . Where ∆ of a variable Q, is defined as (Q(t)− Q(t-1))/Q(t-1) as in Fig. 16 . The Pearson coefficients for all the cross-correlations are shown in the upper part of the diagonal in Fig. B1 . In this way, we can better quantify the existing correlations and interpret them: (i) corr(∆A, ∆B): a positive change in the normalization implies a negative change in the parameter B. This implies that a sudden increment on the normalization narrows down the spectrum width shortening the magnetic growth timescale. Therefore, the growth rate increases over time.
(ii) corr(∆A, ∆C): an increment in the normalization implies that C(t) < C(t-1), i.e the power is shifted towards larger scales. We attribute this feature to the presence of dynamo amplification. This conclusion is supported by Section 3.4, where every merger Figure B1 . Cross-correlation matrix of the best-fit parameters and the kinetic energy changes in the system. The Pearson correlation coefficients are indicated in the upper part of the diagonal and the corresponding scatter plots are shown in the lower part of the diagonal. event carrying enough kinetic energy was shown to shift the magnetic spectrum towards smaller scales (i.e. amplifying via compression).
(iii) corr(∆B, ∆C): a wider spectrum coming along with a shift of the outer scale towards smaller scales is directly related to the action of compression. This matches our previous interpretation of Fig. 15 , where compression shifts the power to smaller scales (i.e. C(t-1) < C(t)) and the new turbulent cascade does not play a role in the amplification instantaneously, but after an eddyturnover time.
(iv) corr(∆C, ∆E k ): a shift of the outer scale towards small scales is weakly correlated with the injection of kinetic energy. In this case, we checked the cross-correlation at each time and identified the times corresponding to some merger events (red arrows in Figs.16 and 18 ). The first two arrows corresponding to small clumps falling into the cluster show a higher correlation than the last arrow which corresponds to a larger clump. A plausible explanation is that the first two events generated sufficient turbulence that allowed the magnetic field to grow also at smaller scales (via the small-scale dynamo), so by the time of the third event, the effect of compression is not enough to shift the outer scale towards smaller scales anymore. This can be considered as a momentary state of "balance" between the dynamo and compression effects and it would also explain the period of amplification between t ∼ 12-13 Gyr.
